DNA hypermethylation is a common epigenetic abnormality in cancer and may serve as a useful marker to clone cancerrelated genes as well as a marker of clinical disease activity. To identify CpG islands methylated in prostate cancer, we used methylated CpG island amplification (MCA) coupled with representational difference analysis (RDA) on prostate cancer cell lines. We isolated 34 clones that corresponded to promoter CpG islands, including 5 reported targets of hypermethylation in cancer. We confirmed the data for 17 CpG islands by COBRA and/or pyrosequencing. All 17 genes were methylated in at least 2 cell lines of a 21-cancer cell line panel containing prostate cancer, colon cancer, leukemia, and breast cancer. Based on methylation in primary tumors compared to normal adjacent tissues, NKX2-5, CLSTN1, SPOCK2, SLC16A12, DPYS and NSE1 are candidate biomarkers for prostate cancer (methylation range 50%-85%). The combination of NSE1 or SPOCK2 hypermethylation showed a sensitivity of 80% and specificity of 95% in differentiating cancer from normal. Similarly NKX2-5, SPOCK2, SLC16A12, DPYS and GALR2 are candidate biomarkers for colon cancer (methylation range 60%-95%) and GALR2 hypermethylation showed a sensitivity of 85% and specificity of 95%. Finally, SLC16A12, GALR2, TOX, SPOCK2, EGFR5 and DPYS are candidate biomarkers for breast cancer (methylation range 33%-79%) with the combination of EGFR5 or TOX hypermethylation showing a sensitivity of 92% and specificity of 92%. Expression analysis for eight genes that had the most hypermethylation confirmed the methylation associated silencing and reactivation with 5-aza-29-deoxycytidine treatment. Our data identify new targets of transcriptional silencing in cancer, and provide new biomarkers that could be useful in screening for prostate cancer and other cancers.
Introduction
Prostate cancer is one of the most common malignancies and the second leading cause of cancer death among men in the United States [1] . The molecular mechanisms of prostate cancer development and progression remain poorly understood. Genetic and epigenetic alterations contribute to prostate cancer formation, as with most other cancers. DNA hypermethylation is the most common epigenetic abnormality in cancer. Hypermethylation of CpG islands in promoter regions usually results in gene silencing, and several tumor suppressor genes are hypermethylated in their promoter regions in human cancers, which is thought to contribute to tumorigenesis [2, 3] . Therefore, DNA hypermethylation may serve as a useful target to clone novel tumor suppressor genes. In prostate cancers, inactivation by aberrant methylation has been reported for many genes, such as APC [4] , HIC1 [5] , RARb2 [6] , GSTP1 [7] , CDH1 [8] , MDR1 [9] and RASSF1A [10] .
Although the list of aberrantly methylated genes is expanding, only a few genes show promise as tumor biomarkers for early diagnosis and risk assessment of prostate cancer. Thus, large-(genome wide) scale screening of aberrant methylation of CpG islands is needed to identify prostate-specific epigenetic markers.
To identify CpG islands differentially methylated in prostate cancer and other cancers, we performed methylated CpG island amplification (MCA) coupled with representational difference analysis (RDA) [11] . Applying this method to prostate cancer, we isolated 34 clones that corresponded to promoter CpG islands. Several are promising biomarkers for prostate and other cancers.
Materials and Methods

Cell lines and tissue samples
Cell lines used in this study were obtained from the American Type Culture Collection (Manassas, VA). All cell lines were cultured in recommended medium in the presence of 10% FBS in a humidified atmosphere containing 5% CO 2 at 37uC. Samples of colon cancer paired with normal colon mucosa and samples of breast cancer paired with normal breast were obtained from established tissue banks at the University of Texas M. D. Anderson Cancer Center (Houston, TX). Samples of prostate cancer and normal prostate were obtained from Baylor College of Medicine (Houston, TX). Microdissection was employed to isolate prostate cancer cells and non-neoplastic prostate epithelial cells. SVHUC, normal urothelial cells, immortalized in vitro by SV40 was a gift from Dr. Bogdan Czerniak (M. D. Anderson Cancer Center). DNA was isolated by extraction buffer with 100 mg/ml proteinase K (Sigma, St. Louis, MO) and standard phenol-chloroform methods. All samples were collected from consenting patients according to institutional guidelines.
MCA/RDA
MCA/RDA was performed as described [11] . Briefly, 5 mg of DNA was digested with SmaI followed by XmaI (New England Biolabs, MA). The restriction fragments were ligated to adapters and amplified by PCR. The reaction mixture was incubated at 72uC for 5 min and at 95uC for 3 min, and then was subjected to 25 cycles of 1 min at 95uC and 3 min at 77uC followed by a final extension of 10 min at 77uC. MCA amplicons from the prostate cancer cell lines DU145, PC3 and LNCaP were mixed and used as the tester for RDA. MCA amplicons were generated from a mixture of normal blood and normal colon mucosa DNA was used as the driver. Two rounds of RDA subtractive hybridization were performed on these MCA amplicons using different adapters, JMCA and NMCA. After the third round of subtractive hybridization and selective amplification, the RDA products were cloned into a TOPO TA cloning vector (Invitrogen, Carlsbad, CA). Sequence analysis was carried out with an ABI PRISM 377 DNA sequencer (Applied Biosystems, Foster City, CA) at the DNA sequencing core facility at the University of Texas M. D. Anderson Cancer Center.
DNA bisulfite treatment
After DNA extraction, DNA was treated with bisulfite as reported previously [12] . Two mg of genomic DNA were denatured by 0.2 M NaOH at 37uC for 10 minutes, followed by incubation with freshly prepared 30 ml 10 mM hydroquinone (Sigma) and 520 ml 3 M sodium bisulfite (pH 5.0) at 50uC for 16 hours. Bisulfite-converted DNA was purified with a Wizard miniprep Column (Promega) and incubated with 0.3 M NaOH for 5 minutes at room temperature. DNA was then precipitated with ammonium acetate and ethanol, washed with 70% ethanol, dried and dissolved in 40 ml distilled water. We used SssI methylase (New England Biolabs) -treated normal leukocytes DNA as a positive control for methylation studies.
Combined bisulfite restriction analysis (COBRA) and Pyrosequencing
We used bisulfite-PCR followed by COBRA [13] and/or Pyrosequencing [14] to analyze the methylation status of cell lines and patient samples. PCR reactions were carried in 50 ml reaction volume; including 2 ml bisulfite treated DNA, 2 mM MgCl 2 , 0.25 mM dNTP, 1 unit Taq polymerase, 16 mM (NH 4 ) 2 SO 4 , 67 mM Tris-HCl (pH 8.8), 1 mM 2-mercaptoethanol and 100 nM primers. COBRA primers and restriction enzymes for digestion are shown in Table 1 . PCR products after restriction enzyme digestion were separated in 5% nondenaturing polyacrylamide gels, followed by densitometric analysis to obtain quantitative methylation levels. Densitometric analysis was performed using a BioRad Geldoc 2000 digital analyzer equipped with the Quantity One version 4.0.3 software (BioRad, Hercules, CA). SLC16A12, TOX, GALR2, TFAP2C and PAX9 were analyzed by COBRA and/or quantitated using the PSQ HS 96 Pyrosequencing System (Pyrosequencing Inc, Westborough, MA) [14] . In order to determine the quantitative accuracy of the COBRA and pyrosequencing assays, we tested DNA from normal leukocytes spiked with 0%, 33%, 67% and 100% methylated DNA obtained by SssI methylase treatment.
RNA purification and reverse transcription-PCR (RT-PCR)
Gene expression was analyzed by RT-PCR. Total RNA obtained from different cell lines was isolated using the TRIZOL reagent (Molecular Research Center, Inc., Cincinnati, OH). Reverse transcription reactions were performed using MMLV-RT (Takara) and random hexamers on 5 mg of total RNA per reaction according to the manufacturer's protocol and amplified by PCR using primers shown in Table 1 . GAPDH mRNA was used as an internal control.
Treatment with 5-Aza-29-deoxycytidine (5-AzadC) and/or Trichostatin A (TSA)
Cancer cells were split 12-24 h before drug treatment. Cancer cells were treated with 5-AzadC (Sigma) and TSA (ICN, Irvine, CA) either alone or in combination. Cells were exposed continuously to 5-AzadC (1 mmol/L refreshed daily) for 3 days or to TSA (300 nmol/L) for 20 hours. For combined treatment, cells were cultured in the presence of 5-AzadC (1 mmol/L refreshed daily) for 3 days and exposed on the third day (24 hours) in combination with TSA (300 nmol/L). Mock-treated cells were cultured similarly.
Statistical Analysis
Statistical analyses were performed using Prism 4 software (GraphPad Software, Inc., San Diego, CA). The Pearson test was used to determine correlations. The Fisher's exact test and t-tests were used to compare methylation in normal and cancer tissues. We used a cut-off corresponding to average methylation in normal tissues+2 standard deviation (s D ) to call a cancer as methylation positive (above the cut-off). Sensitivity, specificity and accuracy of each individual or 2 combined candidate biomarkers were calculated. Sensitivity was defined as the number of true-positive (methylated in cancer) cases divided by the number of true-positive plus false-negative (not methylated in cancer) cases and specificity was defined as the number of true-negative (not methylated in normal tissue) cases divided by the number of true-negative plus false-positive (methylated in normal tissue) cases. The accuracy of a test is measured by the area under the Receiver Operating Characateristic (ROC) curve. All reported p values were 2-sided and P,0.05 was considered statistically significant.
Results
Detection of Methylated CpG Islands Using MCA-RDA
To identify novel CpG islands aberrantly methylated in prostate cancer, we used MCA-RDA [11] . RDA was performed on MCA amplicons from a mixture of the prostate cancer cell lines DU145, PC3 and LNCaP as a tester, and a mixture of normal colon mucosa DNA from three different men and normal leukocytes from two different men as a driver. After 2 rounds of RDA, PCR products were cloned and DNA sequencing was performed on 198 randomly selected clones. Of the 198 clones, 17 corresponded to repeats including Alu, 94 corresponded to non-CpG island DNA, 50 corresponded to non-promoter CpG islands and 37 corresponded to 34 unique promoter associated CpG islands, as revealed by BLAST (www.ncbi.nlm.nih.gov) and BLAT (genome.ucsc.edu) searches. The homology of each unique promoter associated clone, chromosomal location, and GenBank accession numbers are summarized in Table 2 . Five of the 34 clones corresponded to genes previously reported as methylated in cancer. Four of the clones corresponded to bi-directional promoters. Chromosomal location of the clones appeared random with no evidence of clustering (Table 2) .
COBRA and pyrosequencing analysis in Cell lines
To confirm the accuracy of MCA-RDA, differential methylation was investigated by COBRA analysis [15] or pyrosequencing for seventeen known genes (all except the 5 previouly known as methylated). All the MCA-RDA clones related to the genes analyzed in this study had CCCGGG sites on both sides consistent with the MCA technique. The primers for COBRA or pyrosequencing analysis were designed close to the promoter region in each case (Figure 1) . Figure 2 shows examples of the COBRA and pyrosequencing analysis. The PCR product was digested with restriction enzymes that distinguish methylated from unmethylated DNA after bisulfite treatment for COBRA assay (Table 1) . In order to determine the quantitative accuracy of the COBRA and pyrosequencing assays, we tested both assays on DNA from normal leukocytes, 2:1 (33%) mixture, 1:2 (67%) mixture and fully methylated DNA (100%) obtained by SssI treatment. The assays showed significant correlations between predicted and measured values by pyrosequencing (GALR2, Pearson r = 0.98, P,0.001) and COBRA (SLC16A12, Pearson r = 0.99, P = 0.008; GALR2, Pearson r = 0.99, P = 0.002). We also compared data obtained by COBRA or pyrosequencing in 364 measurements, and found a high degree of correlation between the two methods (Pearson r = 0.939, n = 364 pairs, P,0.001) (Figure 2) . Similarly, correlations between two different pyrosequencing assays were very high (Pearson r = 0.977, n = 458 pairs, P,0.001). All of the 17 genes investigated were methylated in at least 2 cell lines of a 21-cell line panel (summarized in Figure 3A and Table S1 ). Sixteen of the 17 analyzed genes showed hypermethylation in at least one of three prostate cancer cell lines. Only TFAP2C did not display hypermethylation in any prostate cancer cell line. For this gene, the MCA product was 2 Kb upstream of the promoter and COBRA showed methylation close to the MCA product (data not shown) but not in the gene promoter. Individual cell lines varied in methylation frequency from 5/17 (Hep3B) to 15/17 (RAJI) and colon cancer and leukemia appeared to have the most methylation. Seven out of 17 genes analyzed in this study had methylation in the non- tumorigenic urothelial epithelium SVHUC cell line, which was immortalized by SV40. However, the AD12-SV40-immortalized PWR-1E normal human prostate cell line [16] did not show increased methylation of these genes (data not shown). Thus, acquired methylation in the SVHUC cell line could be derived from repeated passages and selection during cell culture.
Analysis of Primary Prostate Cancer
Based on the CpG island methylation data from the 21-cell line panel, we selected 8 genes showing dense CpG island methylation in prostate cancer cell lines and further analyzed them in 20 primary prostate cancer and paired normal prostate samples. Compared to adjacent normal prostate, all 8 genes had significantly higher methylation in prostate cancer by t-test analysis (P,0.001 for NKX2-5; P,0.001 for SPOCK2; P = 0.004 for GALR2; P,0.001 for CLSTN1; P,0.001 for NSE1; P,0.001 for DPYS; P = 0.019 for FOXN4; P,0.001 for SLC16A12) ( Figure 3B, 4A and Table S2 ). FOXN4 and GALR2 were relatively rarely methylated while the other 6 genes showed remarkably increased methylation levels. Of note, NSE1 and DPYS also showed some degree of methylation in normal prostate (average 1064% for NSE1 and average 2469% for DPYS). The combination of DPYS or NSE1 hypermethylation showed a sensitivity of 80%, specificity of 95% and accuracy of 95% and the combination of NSE1 or SPOCK2 hypermethylation showed a sensitivity of 80%, specificity of 95% and accuracy of 96% in differentiating prostate cancer from normal (Table 3) .
Analysis of Methylation in Other Cancers
Next, we studied colon cancer and breast cancer. The DNA hypermethylation status of 9 genes showing dense CpG island methylation in colon cancer cell lines was further analyzed in 24 primary colon cancer and paired normal colon samples. In a panel of 20 colon cancer cases, all these genes except IRX5, TFAP2E and TFAP2C showed significantly higher methylation in cancer by t-test analysis (P,0.001 for NKX2-5, DPYS SPOCK2, GALR2 and SLC16A12; P = 0.008 for FOXN4) ( Figure 3C , 4B and Table  S3 ). Notably, GALR2 and DPYS showed some degree of methylation in normal colon (average 864% for GALR2 and average 2165% for DPYS). GALR2 hypermethylation showed a sensitivity of 85%, specificity of 95% and accuracy of 98% and the combination of GALR2 or NKX2-5 hypermethylation showed a sensitivity of 90%, specificity of 95% and accuracy of 96% for detecting colorectal cancer ( Table 3) .
As shown in Figure 3D , the DNA hypermethylation status of 7 genes showing dense CpG island methylation in breast cancer cell lines was analyzed in 24 primary breast cancer and paired normal breast samples. Compared to adjacent normal breast, all 6 genes except NKX2-5 showed higher methylation in breast cancer by ttest analysis (P,0.001 for DPYS and EGFR5 P = 0.01 for SLC16A12; P = 0.002 for TOX; P = 0.003 for GALR2) ( Figure 3B, 4C and Table S4 ). NKX2-5 was relatively rarely methylated while the other 6 genes showed remarkably increased methylation levels. Of note, EGFR5 showed some degree of methylation in normal breast (average 17613%). The combination of EGFR5 or TOX hypermethylation showed a sensitivity of 92%, specificity of 92% and accuracy of 93% and the combination of DPYS or TOX hypermethylation showed a sensitivity of 88%, specificity of 96% and accuracy of 91% for detecting breast cancer (Table 3) .
Methylation and Gene Expression
To confirm silencing by DNA methylation, we performed expression analysis by RT-PCR for eight genes, TFAP2C, NKX2-5, GALR2, DPYS, TFAP2E, CDEP, SPOCK2, and NSE1 selected based on methylation frequency and potential function ( Figure 5 ). Most cell lines chosen for analysis had high methylation level (.50%), and all had very low levels of expression at baseline. Expression of these genes was easily restored after treatment with the demethylating agent, 5-azadC in all cases suggesting silencing related to DNA methylation. The histone deacetylase inhibitor, TSA alone did not restore gene expression at TFAP2C, NKX2-5 and NSE1. The other genes showed increased expression after TSA but to a lesser extent than after 5-azadC treatment. For 5-azadC and TSA combined treatment, TFAP2C, TFAP2E, CDEP, SPOCK2 and NSE1 showed synergistic effects on expression.
Discussion
To isolate novel methylated genes in cancer, we applied MCA-RDA to prostate cancer cell lines and identified 34 promoterassociated CpG islands differently methylated compared to normal control. All of 17 genes investigated had hypermethylation in at least 2 cell lines of a 21-cell line panel containing prostate cancer, colon cancer, leukemia, and breast cancer. We thus confirmed that Figure 2 . Representative COBRA and pyrosequencing for GALR2 and TFAP2C. For GALR2 and TFAP2C methylation analyses, we used COBRA (left panel) and pyrosequencing (right panel). The methylation density of pyrosequencing is presented in the top of each tracing as the averaged methylation of the CpG sites analyzed. Both methods analyzed almost the same sites in the promoter region as presented in Figure 1 . A. In GALR2 methylation analysis, normal adjacent sample showed 9% methylation by COBRA and 6% by pyrosequencing but tumor sample showed 45% by COBRA and 42% by pyrosequencing. B. In TFAP2C methylation analysis, normal sample showed 1% methylation by COBRA and 3% methylation by pyrosequencing but tumor sample showed 61% by COBRA and 64% by pyrosequencing. doi:10.1371/journal.pone.0002079.g002
MCA-RDA is a very powerful tool to identify sequences methylated at multiple loci. MCA-RDA with repetitive subtractive hybridization is, however, labor intensive and costly, and requires hundreds of clones to be sequenced. A recent improvement was to couple MCA with microarrays [17] thus improving the yield of the method. MCA could also potentially be coupled with deep sequencing technology [18] .
In most of the cases, cancer cell lines exhibited higher levels of CpG island hypermethylation than primary cancers as previously shown [19] . For example, most prostate and colon cancer cell lines showed hypermethylation at FOXN4 and GALR2, but primary prostate cancers showed lower frequency methylation compared to primary colon cancer. Therefore, it seems likely that part of the hypermethylation events displayed in cancer cell lines come from repeated passages and adaptation to culture environment. In addition, compared to an immortalized cell line (PWR-1E) that was established in 1996, SVHUC cell line, established in 1987 [20] , showed increased methylation of some genes, likely derived from reiterated passages in cell culture. Nevertheless, our results also show that cancer cell lines maintain hypermethylation specificity because most methylation events in cancer cell lines also occur in some primary cancers.
DNA methylation provides a powerful diagnostic biomarker for cancer. It was recently estimated that hypermethylation is one order of magnitude more frequent than mutation in cancer [21] DNA methylation could be useful for disease diagnosis in uncertain cancer, or for screening in body fluids [22] . In this study, we identify high sensitivity markers for prostate cancer, colon cancer and breast cancer, which could be worth testing in appropriate surrogate samples (e.g. ejaculate, urine for prostate cancer; serum, stool for colon cancer; nipple aspirate for breast cancer etc.). It is also interesting that some of the genes show Table 3 . Diagnostic information of single or combined candidate biomarkers isolated by MCA-RDA.
Biomarker
% Sensitivity % Specificity % Accuracy substantial methylation in 'adjacent' normal tissues. It remains to be seen whether this is related to age-dependent methylation [23, 24] or to a field defect specific to patients with cancer [25] . It is also interesting to note tissue specific differences in methylation. For example, NKX2-5 is methylated in prostate and colon cancer, but rarely in breast cancer. GALR2 is hypermethylated in colon cancer and breast cancer but rarely in prostate cancer. The mechanisms underlying such differences deserve further investigation. Our data identified TFAP2C and TFAP2E as potentially important new targets of transcriptional silencing in colon cancer. The AP-2 family of transcription factors consists of five homologous proteins, AP-2a, AP-2b, AP-2c, AP-2d, and AP-2e. AP-2 transcription factors play important roles in embryonic development by influencing the differentiation, proliferation, and survival of cells. The overexpression of AP-2 in HepG2 human hepatoblastoma and SW480 human colon adenocarcinoma cells inhibited cell division and colony formation [26] . Importantly, reexpression of AP-2 in AP-2 negative melanoma cells suppressed their tumorigenicity and metastatic potential in nude mice [27] . These data suggest that AP-2 transcription factors are involved in the maintenance of a proliferative and undifferentiated state of cells, a characteristic not only important to embryonic development but also to tumorigenesis.
Some of the other genes identified could also be functionally important. However, the methylation observed here may also simply reflect the global redistribution of 5-methylcytosine during cancer development [28] . Thus, these clones should be functionally investigated before conclusions can be made regarding their role in cancer. In conclusion, our data identify potentially important new targets of transcriptional silencing in cancer, and provide new biomarkers that could be useful in screening for prostate cancer, colon cancer and breast cancer. Table 1 . Most cell lines chosen for analysis had high methylation level (.50%), and all had very low levels of expression at baseline, which was markedly increased by treatment with the methylation inhibitor, 5-azadC with or without the HDAC inhibitor TSA. Ctl.; no treatment, D; 5-AzadC alone, T; TSA alone, D+T; 5-AzadC and TSA in combination. doi:10.1371/journal.pone.0002079.g005
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